Chemolithotrophic bacteria can be readily isolated in high numbers from coal refuse piles and from acid mine drainage waters (5, 18, 19) . These iron-oxidizing bacteria (Thiobacillus ferrooxidans) and sulfur-oxidizing bacteria (Thiobacillus thiooxidans) are capable of oxidizing pyrite and other iron sulfide minerals to sulfuric acid and ferric hydroxide in the presence of water and oxygen (10, 14) . When growing autotrophically, carbon required for growth is obtained from the fixation of atmospheric carbon dioxide (9) .
The extent to which the chemolithotrophic bacteria are responsible for the oxidation of pyrite materials is not known. As early as 1947, Colmer and Hinkle (4) demonstrated that bacteria played a role in iron oxidation, because no oxidation was obtained in acid water samples treated with bactericidal or bacteriostatic agents or' in-samples; sterilized by filtration.
Singer and Stumm.' (16) haVe reported that the abiotic oxidation of'ferrou.s iron to ferric iron proceeds very slowly below pH 4.0 and that the presence of chemolithotrophic iron-oxidizing bacteria accelerates this reaction by a factor larger than 106. Recently, Walsh and Mitchell (20, 21) have proposed a pH-dependent succession of iron-oxidizing bacteria initially involving the acid-tolerant iron-oxidizing bacterium Metallogenium sp. at pH values of 4.5 to 3.5, followed by the chemolithotrophic bacterium T. ferrooxidans at pH values below 4.0.
Although various metabolic activities of the iron-and sulfur-oxidizing bacteria have been investigated under controlled laboratory conditions (for review, see reference 10), little is known about the activities of these chemolithotrophs directly in nature. At least part of this dearth of knowledge can be explained by the lack of suitable techniques for studying metabolic activities directly in nature. Recently, Smith et al. (17) published a technique for measuring the in situ uptake of 14CO, by soil microorganisms. This technique has been successfully applied to the study of the activities of soil algae (D. W. Smith, Ph.D. thesis, University of Wisconsin, Madison, 1972 ) and chemolithotrophic bacteria (6) present in hot acid soils.
In the present paper, we would like to report a modification of the technique of Smith et al. (17) which is suitable for the in situ study of 14C02 fixation by chemolithotrophic bacteria in pyritic materials associated with coal and coal refuse. By using this procedure, the present study was undertaken in an attempt to define the various environmental factors affecting the in situ activity of chemolithotropic bacteria in coal and coal refuse materials.
MATERIALS AND METHODS
Habitats. Three different coal mining regions were used in this study: (i) an abandoned 40-year-old coal refuse pile located at Friar Tuck Mine at Dugger, ECOLOGY OF IRON-OXIDIZING BACTERIA Blackfoot Mine no. 5, Winslow, Ind.; and (iii) an active mining operation located at Peabody Coal Co., S. Wilmington, Ill. These regions provided a variety of coal refuse piles of different ages.
Habitat measurement and sampling. Coal refuse samples were collected at various depth intervals with a calibrated stainless-steel hand corer. Each sample was homogeneously mixed, and its moisture content was determined by the procedure of Fliermans and Brock (6) . The pH of the sample was determined by using a Corning model 12 research pH meter after making a 1: 1 mixture of coal refuse and deionized water. Temperatures were measured with a telethermometer (Yellow Springs Instrument Co., model no. 425 C) and a "banjo" probe (model no. 408). The probe and telethermometer were periodically checked with a standard mercury thermometer.
"CO2 generation. For the generation of 14CO2, 2 ml of 10 N H2S04 was added to a 70-ml glass serum bottle. The bottle was capped with a rubber stopper which had been previously coated with clear silicone adhesive sealant (Sears, Roebuck and Co., Chicago, Ill.). A 3-ml amount of air was removed from the bottle with a syringe fitted with a 26-gauge needle, and an equal volume of NaH"CO (20 uCi/ml) (New England Nuclear Corp., Boston, Mass.) was added. The contents of the bottle were mixed by gentle shaking to avoid contact of acid with the rubber stopper.
Five ml of air was injected into the "4CO2 generation serum bottle with a 5-ml gas-tight syringe (Hamilton Co., Whittier, Calif.) fitted with a 26-gauge stainless-steel needle and connected to a repeating dispenser (model PB 600-10, Hamilton Co., Whittier, Calif.). The syringe was filled with 5 ml of a "C02-air mixture, and 0.3 ml was injected into each sample serum bottle. After all injections were performed, the activity of the generated "CO2 was determined by injecting 0.1 ml into each of two or three vials containing 10 Oxidation of samples. After incubation, samples were removed from the serum bottle by using approximately 8 ml of carbonate flush solution (57 ml of concentrated H2SO4 with 92 g of FeSO4 .7H2O in 600 ml of distilled water) (2) and placed in a 500-ml round-bottom flask. The samples were rapidly brought to a boil and kept at a slow boil for exactly 20 s to remove any radioactive carbonate formed nonbiologically during the incubation period. Any further heating resulted in partial oxidation of the sample. The flask was then flushed with air for about 20 s to ensure the total removal of "CO2 from the air phase.
Because of the large amount of gas generated from the oxidation of coal and coal refuse materials, the oxidation technique of Smith et al. (17) , using sealed ampoules, was unsatisfactory. After testing several other possible methods, a modified procedure of Allison et al. (2) was found to be most satisfactory for the oxidation of coal and coal refuse materials.
The apparatus used in the oxidation of the samples is shown in Fig. 1 . Two or 3 g of K2Cr2O7 was added to the samples after cooling to room temperature, and the flask was attached to the condenser. Scintillation vials containing the toluene-based fluor with added phenethylamine and NCS, as described above, were screwed into the caps. Twenty-five milliliters of digestive acid mix (concentrated H2SO4 and 85% HSPO4 in a 6:4 ratio) was added to the funnel. The stopcock was opened, and after the addition of the acid to the flask, it was immediately closed. ther reduced. After 10 min, the source of heat was removed, and the system was aerated for 10 min with a flow of 6 to 8 bubbles/s. The scintillation vials were removed from the apparatus and counted as described above. Smith et al. (17) have demonstrated that there is no interference in the phenethylamine-containing fluor by high concentrations of chloride ions (up to 20%, wt/vol) and by water concentrations higher than 0.15 ml/vial. Therefore, these possible variables are not a problem when using coal refuse materials with the present technique. To test the efficiency of recovery of 14CO2 in the present system, 50,000 counts/min of D-[C ]glucose (U) (New England Nuclear Corp., Boston, Mass.) was added to 1 g of coal refuse material, and the sample oxidized. Results of this experiment demonstrated 100% recovery of the initial radioactivity as 14CO2 when three vials were used in the apparatus. Additional data on recovery efficiency are given by Smith et al. (17) .
Most-probable-number determinations. The numbers of chemolithotrophic bacteria, heterotrophic bacteria, and fungi were determined by the mostprobable-number technique. Numbers of iron-oxidizing bacteria were estimated using the 9-K medium of Silverman and Lundgren (15) at pH 2.5. Fungal numbers were estimated by using the basal salts medium of Allen (1) with added 0.1% yeast extract and 0.1% glucose and adjusted to pH 2.5 with 10 N H,S04. Heterotrophic bacteria were estimated by using a similar medium as for the fungi, except that cycloheximide was added at a final concentration of 0.1 mg/ml. One gram of sample was added to a bottle containing 100 ml of the appropriate medium. Serial 10-fold dilutions were prepared in triplicate for each sample. Tubes were incubated in the dark for 14 days at 30 C. Growth of the iron-oxidizing bacteria was initially determined by the formation of a red-orange color of Fe(OH), in the tube. Fungal growth was determined by the presence of mycelia, and bacterial growth was initially determined by the presence of visible turbidity in the tube. All initial determinations of microbial growth were confirmed by microscopy examination.
The most-probable-number of organisms per gram of soil were determined by using the tables of Collins (3) . RESULTS "CO, incorporation as a function of time.
Surface samples (0 to 4 cm) from a 5-year-old coal refuse pile located near Wilmington, Ill. were injected with gaseous "CO2 (about 100,000 counts/min) and incubated in the dark at 30 C. After various time intervals, the incubations were stopped by the addition of 1 N PCA, and the samples were processed. The results are shown in Fig. 2 (Table 1) . A degree of variation occurred from site to site; and this variation is probably due to the heterogeneous nature of the coal refuse pile.
In addition to "CO2 uptake and numbers of iron-oxidizing bacteria, the numbers of heterotrophic bacteria and fungi in the samples were also determined with the most-probable-number technique. Results of these studies (Table 1) indicate that heterotrophic bacteria growing at pH 2.5 in a basal salts medium supplemented with glucose and yeast extract were quite low in number (102 or 10' organisms/g). In contrast to bacterial numbers, most-probable-number counts of fungi in many of the samples were much higher (107 or 108 organisms/g).
The predominant fungal isolate obtained from the acidic coal refuse piles used in our experiments has beepn identified as Aureobasidium pullulans (M. R. Tansey, Indiana University, personal communication). In addition to A. pullulans, other fungi tentatively identified as members of the genus Penicillium and several as yet unidentified yeasts were also isolated from these samples. In the absence of cycloheximide, acidophilic, heterotrophic bacteria were never obtained in these experiments. However, in the presence of this antibiotic, the predominant bacterium isolated in low numbers was a gram-negative, nonmotile, non-spore-forming rod which formed a light yellow pigment when grown on solid medium.
Incorporation of "CO2 as a function of age ofcoal refuse material. Samples were obtained from coal refuse material of various ages, and 14CO incorporation and the number of iron-oxidizing bacteria were determined. Results of this experiment (Table 2 ) also demonstrate a strong correlation between TCO2 incorporation and the number of iron-oxidizing bacteria. Maximal incorporation occurred in samples 3 to 5 years old, and only slight incorporation was demonstrated in fresh samples or in coal refuse material 40 years old. The pH of fresh coal refuse was routinely near neutrality, as compared with 2-year-old samples which were usually pH 2.5 or lower. The acidic pH in 2-year-old material can be correlated with an increase in the activity and number of iron-oxidizing bacteria.
Effect of temperature on "CO, uptake. To determine the effect of varying the temperature of incubation on "CO, uptake, samples taken from a 5-year-old coal refuse pile located at Wilmington, Ill., were incubated for 18 h at the various temperatures indicated in Fig. 3 . Results of this study demonstrated slight "4CO2 uptake at 10 or 70 C, with an optimum occurring between 20 and 30 C.
Effect of soil moisture on "CO, uptake. To determine the effect of varying the moisture content of the sample on "CO2 uptake, a sample of coal refuse material was dried with a vacuum desiccator. At various time intervals, samples were removed from the desiccator, and "4CO2 uptake and moisture content were determined (Fig. 4) . "4CO2 incorporation was de-
tected at all moisture contents tested between 12 and 35%, with an optimal moisture content between 23 and 35%. DISCUSSION The present technique makes possible for the first time the measurement of the in situ activity of chemolithotrophic iron-oxidizing bacterial directly in coal refuse piles and provides a valuable tool for studying the effect of various environmental parameters on the activity of these acid-producing microorganisms.
Considerable evidence supports the conclusion that "CO2 uptake in the present study is due to From the aspect of possibly controlling microbial acid formation, it may be important to determine where in the coal refuse pile maximal activity and numbers of the iron-oxidizing bacteria are localized. The data presented in this study indicate that maximal "4CO2 uptake occurs at or near the surface of the coal refuse pile and that in most samples there is little incorporation at depths below 8 to 10 cm. This observation is in agreement with determinations of the most probable number of iron-oxidizing bacteria, and it suggests that chemolithotrophic bacteria are localized on the surface of the pile and that there is little activity of these acid-producing organisms at depths below 10 cm. Recently, Shumate and Bryant (13) have discussed evidence indicating that oxygen permeates to a depth of only 6 to 14 in. in a coal refuse pile of claylike nature and that no weathering of pyrite can be observed below this depth. These results would suggest that most of the acid is produced at or near the surface of the coal refuse pile and that such acid is leached from the surface during periods of precipitation.
The exact reason for the concentration of chemolithotrophs at the surface of the coal refuse pile is not known. However, these organisms are strict aerobes and require CO2 when growing autotrophically. Presumably, at lower depths, exchange of 02 or CO2 through the pile may be limiting for the growth of these bacteria.
In addition to localizing microbial activity at or near the surface of the coal refuse pile, several experiments were also performed to determine possible effects of the age of the coal refuse pile on chemolithotrophic activity. Results of these studies indicate that maximal activity and numbers of iron-oxidizing bacteria occur in coal refuse piles 3 to 5 years old. Very little "4CO2 uptake was demonstrated in fresh samples of coal refuse, and our results indicate that a period of 2 to 3 years is required before iron-oxidizing bacteria have developed in high numbers and before significant "'CO2 uptake can be demonstrated. The presence of increasing numbers of iron-oxidizing bacteria in coal refuse piles 2 to 3 years old is well correlated with a drop in the pH of the coal refuse material from near neutrality to pH 2 during this time period.
The absence of significant "4CO2 uptake in samples of coal refuse piles with neutral or slightly acidic pH values suggests an absence of large numbers of chemolithothrophic bacteria in these samples. Reports of thiobacilli (e.g., Thiobacillus thioparus, T. neapolitanus, T. novellus, T. intermedius, and T. prometabolis) growing at near or neutral pH values have been well documented in the literature (8, 11) . Although no attempts were made in our study to quantify numbers of these "neutral pH thiobacilli," results of in situ "CO2 uptake studies suggest that these bacteria are either absent or present in low numbers in such coal refuse materials. Additional investigations are warranted to determine whether "neutral pH thiobacilli" play a significant role in microbial acid formation in coal refuse piles or whether most of the acid in coal refuse piles above pH 4.0 is produced by the auto-oxidation of iron, as has been proposed by Singer and Stumm (13) .
The exact reason for the decrease in numbers and activity of the iron-oxidizing bacteria in the 40-year-old coal refuse pile sampled is unclear. However, it seems feasible that the bacteria in such older coal refuse piles may have exhausted the supply of readily available energy sources or that certain toxic products may have accumulated over the years. Our observation of low microbial "CO2 uptake in older coal refuse piles suggests that bacterial acid production is minimal in these piles and that most of the acid present in older piles was produced at an earlier time. This observation of minimal activity in older coal refuse piles may have significance in any attempts to control microbial acid leaching from such older piles.
By using the present technique it has been possible to define, for the first time, the environmental factors affecting the activity of chemolithotrophic bacteria in nature. Results of our studies indicated that the temperature optimum for maximal "4CO2 uptake is between 20 and 30 C. To our knowledge, no laboratory studies of the effect of temperature on '4CO2 incorporation by T. ferrooxidans have been reported in the literature. However, the optimal temperature for growth of T. ferrooxidans has been reported to be 28 C (15) .
The results of the present study suggest that the chemolithotrophic bacteria present in coal refuse material are metabolically active over a wide range of moisture contents (12 to 35%) and have an optimal moisture content for "4CO2 uptake of 23 to 35%. Because the moisture contents of the coal refuse samples used in our study were rarely below 20 or above 35%, we believe that moisture is not an important factor determining the activity of chemolithotrophic bacteria in the coal refuse pile. In addition to the chemolithotrophs, our studies demonstrate that acidic coal refuse piles also have a population of heterotrophic bacteria and fungi. The predominant bacterium growing at pH 2.5 is a light-yellow pigmented, gramnegative nonspore-forming rod which is present in rather low numbers (102 or 103 organisms/g). In contrast to bacterial numbers, most probable numbers of fungi were extremely high (107 to 101 organisms/g). Although several different fungi have been isolated in our experiments, the predominant one has been identified as A. pullans (M. R. Tansey, unpublished data). Whether this fungus is present in coal refuse primarily as a spore or as a metabolically active filament remains to be determined. However, its wide distribution in coal refuse material and its ability to grow at low pH would suggest that it may be growing in such habitats.
Several questions remain concerning the activity and ecology of chemolithotrophs in coal mine drainage areas. Of particular significance to an understanding of microbial acid production may be the effect of addition of organic compounds on chemolithotrophic activity (8, 11) , as well as various interactions between these bacteria and heterotrophic populations. Hopefully, the present technique for determining in situ "4CO2 uptake by chemolithotrophic bacteria can be applied to the study of these remaining problems, as well as to the study of the ecology of other habitats where chemolithotrophs are present in high numbers.
